After birth, the hepatic artery buffer response helps to maintain liver perfusion. Here, the authors establish a Doppler technique to measure fetal hepatic artery flow velocity and test the hypothesis that the buffer response also operates prenatally. Women with low-risk pregnancies were recruited to a longitudinal study (N = 161). Measurement techniques and reference ranges for hepatic artery velocities and pulsatility index (PI) were established. Ductus venosus peak velocity (V DVps ) represented the portocaval pressure gradient, and umbilical venous flow (Q UV ) represented portal flow. Reference ranges were established for the more accessible left hepatic artery branch. Hepatic artery PI was lower in fetuses with V DVps <10th centile ( P < .05) and in those with Q UV <10th centile (P < .0001). Conversely, hepatic artery PI was higher in those with Q UV >90th centile (P < .0001). The authors establish a method for measuring fetal hepatic arterial blood velocity, provide reference ranges, and show that the hepatic artery buffer response operates prenatally.
tion in the human fetus is not known, but fetal sheep data suggest that it is <10%. 5 The prominent role of the liver in fetal growth has been demonstrated in experimental studies that increase umbilical venous liver perfusion; this results in increased proliferation of fetal hepatocytes, 6 greater expression of insulin-like growth factor 1 and 2 mRNA, and increased fetal growth. 7 A study of human fetuses in late pregnancy has suggested that maternal body composition and diet may modify this distribution of umbilical venous blood to the liver. 8 Venous perfusion of the fetal liver is strongly influenced by variations in pressure and blood viscosity 9, 10 but is also actively controlled by changes in the portal vasculature 11, 12 and ductus venosus (DV). 13, 14 Umbilical pressure in the human fetus is 2 to 11 mm Hg, 15 and the portal perfusion pressure has been calculated to vary between 0.5 mm Hg and 3.5 mm Hg during the cardiac cycle, 16 which is in line with direct measurements in fetal sheep. 17 Although the hepatic artery has a modest contribution to the liver blood supply, it plays an important role in maintaining total liver perfusion postnatally. 18, 19 The mechanism is termed hepatic arterial buffer response and is an adenosinemediated vasodilatation in the hepatic artery. A reduced portal liver perfusion leads to a reduced washout and a corresponding local increase in adenosine concentrations, T he placenta, crucial for fetal development, receives one-third to one-fifth of the combined cardiac output through the umbilical arteries. 1 However, when nutrient-rich blood returns to the fetal body, it is the liver that has the highest priority, taking 75% to 80% of it. 2 The fetal liver has 2 additional important blood supplies: one is the portal vein, connected to the umbilical vein (UV) through the left portal branch and contributing 20% of the venous supply, 3, 4 and the other is the hepatic artery, which is the focus of this study (Figure 1 ). The arterial contribution to the liver circula-which in turn cause an instantaneous reduction in arterial impedance, even during generalized splanchnic vasoconstriction due to hemorrhage and hypovolemia. 20 Whether this mechanism operates during prenatal life is not known, but Doppler measurements in growth-restricted fetuses suggest that a similar response may exist. 21, 22 However, there is little information about the fetal hepatic artery in normal pregnancies, and standardized measurement techniques have not been described.
The aim of this study is to establish a standardized technique for measuring blood velocity in the hepatic artery, to establish reference ranges, and to test the hypothesis that the hepatic artery buffer response can operate prenatally.
METHODS

Participants
Twenty-seven women were recruited for a pilot study, after which 161 women with low-risk pregnancies were recruited to a larger prospective longitudinal observational study of the cerebral, splanchnic, and umbilical circulations. The Regional Committee for Medical Research Ethics approved the study protocol (REK Vest no. 203.03), and all participants gave prior written consent.We have previously presented the results of the middle cerebral and umbilical artery measurements. 23 Here, we present arterial and venous data from the study of liver perfusion.
Gestational age had been assessed by head biometry 24 at the routine ultrasound scan at 17 to 20 weeks of gestation.Those who agreed to participate entered the study at a median of 23 weeks of gestation (range, 19-28 weeks). Reasons for not being enrolled were multiple pregnancy, fetal abnormality, any maternal chronic disease, and a previous history of pregnancy-induced hypertension, fetal growth restriction, placental abruption, or delivery before 37 weeks. Each woman was examined 3 to 5 times, at 3-week to 5-week intervals.
Birth weight, gender, placental weight, Apgar score, mode of delivery, duration of gestation at delivery, and congenital abnormalities were noted. . The common hepatic artery (HA) arises from the celiac trunk (CTr); its left branch can be visualized as it approaches the ductus venosus (DV) to continue distally to the left of the intrahepatic umbilical vein (UV) and has a direction of flow opposite to that in the neighboring DV and UV. AO indicates aorta, PV, main portal stem; IVC, inferior vena cava; Sp, spleen; and S, stomach.
Measurements
In the pilot study, we sought to visualize the branches from the celiac trunk directed to the fetal liver using color Doppler. The celiac trunk branches off from the aorta and divides into the left gastric, splenic, and common hepatic artery. The splenic artery was regularly identified traversing behind the stomach, while the common hepatic artery was less obvious, running along the portal vein before dividing into the left and right hepatic artery ( Figure 1 ). Flow in the common hepatic artery and the right branch has the same direction as the neighboring main portal stem and right portal vein, causing interference in the corresponding pulsed Doppler recording, making these sites less suitable for the assessment (Figure 2 ). However, the left branch of the hepatic artery could be visualized as it approached the DV to continue distally to the left of the intrahepatic UV ( Figure 1 ). Since blood in the left branch of the hepatic artery flows in the opposite direction than that in the neighboring DV and UV (Figure 1 ), the Doppler recording at this point can be analyzed without interference and was chosen as the standard technique for the present study.
We used a 2-5, 2-7, or 4-8 MHz abdominal transducer (Voluson 730 Expert; GE Medical Systems, Kretz Ultrasound, Zipf,Austria).The high-pass filter was 70 Hz. The mechanical and thermal indices were below 1.1 and 0.9, respectively, in most of the sessions and were always kept below 1.9 and 1.5.
Based on the experience of the pilot study, the left branch of the hepatic artery was visualized using color Doppler in a sagittal or oblique horizontal view of the fetal abdomen ( Figure 1 ). Using either approach of insonation, the Doppler beam was directed along the intrahepatic part of the UV and the inlet to the DV. The pulse repetition frequency was kept low to visualize low-flow velocities. Insonation was adjusted according to the direction of the vessel, kept as low as possible and always ≤30°.The Doppler gate was placed at the left branch of the hepatic artery close to the DV and when needed the Doppler shift was corrected for angle of insonation.The recordings were acquired in the absence of fetal breathing or body movements over at least 3 uniform heart cycles.The observation with the best quality (ie, lowest insonation angle and most uniform pulse waves) was included in the statistics. Doppler waveforms were automatically traced, the systolic peak and time averaged maximum velocity (V HAps and V HAta-max ) were determined, and pulsatility index (PI) was calculated. 25 The inner diameter of the UV (D UV ) was measured by an insonation perpendicular to the vessel wall in the intra-abdominal portion distal to the portal branches.The mean of at least 3 measurements was included in the statistics. The maximum UV blood flow velocity (V UVmax ) was recorded in an axial direction of the vessel. The umbilical blood flow, Q UV (mL/min), was calculated as π × (D UV /2)² × V UVmax × 0.5 × 60. 26 The DV connects the UV to the inferior vena cava, and its blood velocity reflects the portocaval pressure gradient. 16, 27 It was therefore used as a surrogate measure for portal perfusion pressure in the present study. The DV was assessed in a sagittal or oblique section of the fetal abdomen using a standardized technique. 28 The maximum velocity (V DVps ) was determined based on waveforms that were either automatically or manually traced.
To determine the relationship between hepatic artery haemodynamics and the general circulation, we assessed the middle cerebral artery (MCA) and umbilical artery (UA). For the MCA and UA recordings, an insonation angle close to 0°was used. 29 For the MCA measurements, the Doppler gate was placed at the proximal part of the vessel, 30 and measurements of the UA were done in a free-floating loop of the umbilical cord. Measurements of head and abdominal circumference and femur length were performed at each session, and estimated fetal weight was calculated by the formula of Combs et al. 31 
Clinical Cases
Three clinical cases were studied to examine the potential clinical use of fetal hepatic artery Doppler assessment. 
Statistics
Multilevel modeling was used to calculate the mean and centiles for the hepatic artery systolic peak and time-averaged maximum velocity (V HAps and V HAta-max ) and PI HA at different gestational ages.To achieve normal distributions for the outcome variables, we used power transformation.The outcome variables were regressed against gestational age using fractional polynomials.The 2.5th, 5th, 10th, and 25th centiles were calculated by subtracting 1.96 standard deviation (SD), 1.645 SD, 1.282 SD, and 0.674 SD from the mean, respectively.The 97.5th, 95th, 90th, and 75th centiles were calculated by adding the respective multiples of the SD to the mean.The 95% confidence interval (CI) of the mean, 5th, and 95th centiles were derived.
To assess the effect of V DVps ,Q UV norm ,V UVmax , and Q UV on V HAps and PI HA , we included these measurements (in 3 categories: <10th centile, 10th-90th centile, and >90th centile, since responses were assumed to occur more commonly in extreme conditions) as indicator variables in the multilevel regressions models, which describe the mean of V HAps and PI HA .The gestational age-dependent centiles of these independent variables were also calculated by multilevel regression. Indicator variables with significant improvement in the goodness of fit to the models, as assessed by the deviance statistics (χ 2 with P < .05), were considered to significantly influence the outcome variables.
Intraobserver and interobserver reproducibilities were expressed as intraclass and interclass correlation coefficients based on repeat blinded observations in 15 and 12 participants, respectively. Limits of agreement were based on the same samples. 32 The statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS Inc, Chicago, IL) and the MlWin program (Centre for Multilevel Modelling, University of Bristol, UK).
RESULTS
Median maternal height and weight at booking was 167 cm (range, 150-183 cm) and 65 kg (range, 49-122 kg), respectively; maternal age was 29 years (range, 20-40 years) at recruitment; 48% were primiparous. Median gestational age at delivery was 40 +3 weeks (range, 35 +3 -42 +4 weeks). The cesarean delivery rate (10.6%) and birth weights (median, 3700 g; range, 2260-4980 g) were similar to values in the local population (cesarean rate of 11.8%). 33 Five women developed preeclampsia (3.1%). Participants who developed complications after enrollment in the study were not excluded. Population characteristics have been described in detail previously. 23 We obtained 176 measurements of the hepatic artery in 104 participants. No angle correction was required in 84 For the V UV max , Q UV , and Q Uvnorm , the centiles calculated for the regression analyses are based on 598, 568, and 553 observations, respectively (not presented). For the UV velocity measurements, the median angle of insonation was 9°(range, 0°-30°). The mean inner diameter of the UV (D uv ) was calculated when at least 3 measurements were obtained during a session (which was the case in 606 sessions, not presented).The V DV ps centiles were calculated on the basis of 596 observations, and the median angle of insonation was 10°(range, 0°-30°, not presented).
Regression analysis showed that fetuses at >90th centiles for Q UV and Q UVnorm tended to have a higher hepatic artery PI (P < .0001). (Detailed information for this and the following analyses is presented in the appendix.) Similarly, V DVps <10th centile was associated with a lower hepatic artery PI (P < .05; Figure 6A ; Table 4 ).These findings indicate a vasodilatation response in the hepatic artery to low portocaval pressures and less vasodilatation (higher PI) when the umbilical venous contribution to the liver perfusion is high. Both findings support the hypothesis that there is intrinsic regulation of the hepatic artery in the fetal liver, reflecting a functioning hepatic artery buffer response.
Fetuses with V DVps <10th centile also tended to have lower V HAps (P < .003); for the other parameters, the effect was U shaped (10th-90th centile lowest; Figure 6B ; Table 4 ).
When the centiles for PI MCA , V UA ps , and PI UA were examined for possible associations with hepatic arterial waveform parameters, we found no significant relations in this group of normally growing fetuses (not presented).
The intraobserver and interobserver variation is presented in Table 5 .
Clinical Cases
Case 1 (fetomaternal bleeding) showed low PI and high systolic peak velocity, indicating priority of hepatic artery flow (Figure 7) . The high velocities and low PI in the hepatic artery changed to reference ranges simultaneously with the reduction in fetal blood measured in the maternal circulation. A healthy girl (3400 g) was born at 40 +2 weeks of gestation.
Case 2, a fetus with nonimmune hydrops caused by human parvovirus B19 infection,was treated with 1 intrauterine blood transfusion at 24 +4 weeks' gestation because of fetal anemia (hemoglobin concentration = 7.3 g/dL).The initial high V HAps declined to reference values after the transfusion, while the PI HA remained low throughout the observation period (Figure 7) .The baby boy was born at 37 +2 weeks of gestation, with a birth weight <10th centile (2680 g).
Case 3, a fetus with severe IUGR at term (estimated fetal weight <2.5th centile), had low PI HA and high V HAps (Figure 7) . Hemodynamic evaluation by Doppler revealed signs of placental compromise and fetal compensation (PI UA >95th centile, PI MCA <5th centile, and PI DV and V DVps >97.5th centile 34 ). A girl (2550 g) was delivered by cesarean section at 40 +2 weeks of gestation.
DISCUSSION
In the present study, we have established a method of assessing the hepatic artery flow velocities and PI in the human fetus using Doppler examination of the left hepatic artery close to the isthmus of the DV in the human fetus. We have constructed reference ranges and shown that during prenatal life, the artery is involved in a hemodynamic buffer mechanism maintaining perfusion of the liver when portal (umbilical) flow and pressure are reduced. Our clinical cases underscore the potential clinical use of this examination, showing substantial changes in the hepatic artery PI and velocities in fetomaternal hemorrhage, fetal anemia, and severe IUGR.
While the prenatal contribution of the hepatic artery to the total liver blood flow is <10% in lambs, 5, 35 postnatally, the contribution is 20% to 30%. 35 With the UV occluded at birth, the main source for the venous liver perfusion is switched from the umbilical to the portal vein. The prenatally developed hepatic artery buffer response shown in the present study is apparently a necessary preparation for the dramatic transition of the liver circulation at birth. The existence of a prenatal buffer effect was supported by the significant effects of the intraabdominal umbilical venous flow and portocaval pressure gradient (represented by the DV flow velocity) on the hepatic artery activity in our study ( Figure 6 ). As expected, the magnitude of the effect is modest under unprovoked physiological conditions ( Table 4 ). The 3 clinical examples suggest that substantial effects result during extreme conditions (Figure 7) .
The fetal liver differentiates throughout gestation. From being essentially a hematopoietic organ in the first trimester, it shifts to an increasing hepatopoietic activity during the second trimester. 36 Between 25 weeks and birth, however, there is little change in the vascular architecture of the liver. 37 Systolic peak velocity and time-averaged velocity are known to have a close relationship to the volume of blood flowing in other sections of the fetal arterial system. 38 We believe that the increase in hepatic artery blood velocity from 22 weeks to 39 weeks of gestation may reflect a similar relationship.The impedance increases according to the hepatic artery PI but only until 32 weeks, when a plateau is reached. A corresponding plateau of development was previously described for the DV shunting and foramen ovale size and shunting, possibly signifying a transition to a different level of developmental physiology. 2, 39, 40 One previous small study examining hepatic artery velocities, without specifying gestational age or site of measurement, 22 found velocities in line with our results. We believe the presently established reference ranges are suitable for clinical use; the reliability of the ranges is reflected in the 95% CI of the 5th, 50th, and 95th centiles (Figures 3-5 ).
Although measurements were increasingly successful as the study developed, our overall success rate was low, with 176 observations compared with more than 500 for other sections of the study. Based on our increasing experience in clinical cases (Figure 7) , we expect that the increased hepatic artery blood velocities will enhance visualization and improve the success rate in clinical conditions.The variation of the arterial anatomy of the fetal liver may also cause problems [41] [42] [43] since the left hepatic artery arises from the left gastric artery in about 15% of fetuses and from the splenic or gastroduodenal artery or aorta in 4%. 44 One or two aberrant hepatic arteries from the left gastric or superior mesenteric artery are found in 30% of human fetal livers. 43 We believe that the landmarks we suggest for recording the arterial hepatic circulation Figure 6 . Influence of portocaval pressure gradient expressed by the ductus venosus peak velocity (V DVps ) and parameters of umbilical venous liver perfusion (Q UVnorm ,V uvmax , Q UV ) on the (A) hepatic artery pulsatility index (PI HA ) and (B) systolic peak velocity (V HAps ) according to deviance statistics using centiles of the parameters.The difference between the lines represents the effects, all being significant.The effect sizes are shown in Table 4 . Lines with closed circles = <10th centile, thick lines =10th to 90th centile, and lines with open circles = >90th centile for the variables. Q UVnorm indicates umbilical vein flow/kg;V UVmax , umbilical vein maximal velocity; and Q UV , umbilical vein flow.
should provide reliable and comparable measurements as the left hepatic artery enters the liver close to the DV.
When selecting the left branch for the hepatic artery standardization, it is important to be aware that there is increasing evidence that the left and right liver lobe represent different functional units in the fetus. 4, 45, 46 Venous splanchnic blood is almost exclusively distributed to the right liver lobe (with an addition of umbilical blood), while the left liver lobe receives exclusively umbilical venous blood under physiologic conditions. [3] [4] [5] Gene expression patterns are also different in the 2 lobes; 6 genes related to oxygen transport and iron availability are downregulated in the right compared with the left lobe in fetal baboons. 46 In our study, we have focused on the left hepatic artery supplying the left lobe, and the flow velocity pattern in this branch might not be representative of the entire hepatic arterial supply; thus, interpretation must be cautious. Postnatally, the hepatic artery buffer response seems to operate differently in the liver lobes after left portal vein ligation or right portal vein embolization, respectively, indicating independent responses to ipsilateral portal flow changes. 47, 48 Although desirable, it seems unlikely that we will be able to measure blood velocity with any regularity using the present techniques in the main stem of the common hepatic artery or its right branch. The reason is the close vicinity to the portal vein and its right branch. The blood flow direction is the same in the vein and artery for these sections, and interference in the Doppler recording is a common problem ( Figure 2B) .
Under experimental conditions, hypovolemia and hypoxemia increase the fraction of UV flow shunted through the DV, thus reducing the UV supply to the liver. 10 Abbreviations: df, degrees of freedom; ICCC, intraclass and interclass correlation coefficients, respectively; PI HA , hepatic artery pulsatility index; V HAps , hepatic artery systolic peak velocity;V HAta-mx , hepatic artery time-averaged maximum velocity. The observed reduction in PI HA and increase in systolic peak velocity PSV HA in case 1 may reflect a compensatory mechanism to buffer the effects of acute reduction of UV perfusion of the liver and to mobilize the hepatic blood reservoir, thus protecting the liver against passive changes in the central venous pressure. 49 In animal experiments, the fetal vascular response to hemorrhage comprises generalized arterial vasoconstriction with the exception of the cerebral, coronary, and hepatic beds 50 ; our study, however, found no relationship between hemodynamics in the middle cerebral or umbilical and hepatic arteries, suggesting that these circulatory beds have a high degree of independent regulation and less common determinants.
In cases of fetal growth restriction (case 3), venous liver perfusion is reduced. 51, 52 Our observations of the hepatic artery in cases 1 and 3 (Figure 7 ) could be seen as a similar response to the postnatal hepatic artery buffer response (ie, a compensatory increase in hepatic artery flow to buffer the reduction in venous liver perfusion).
Case 2 had nonimmune hydrops arising from suppression of hepatic erytropoiesis by human parvovirus B19 infection. 53 A recent lamb study 54 showed that increased hepatic artery flow was associated with increased density of hematopoietic cells, while hepatic artery ligation decreased hematopoietic activity. Case 2 illustrates initial high velocities and persisting low PI in the hepatic artery. After intrauterine transfusion at 24 +6 weeks of gestation the velocities in the hepatic artery decreased while the PI stayed low, indicating a persisting priority of hepatic artery flow, possibly in response to an increased hematopoietic demand.
Our findings in this low-risk population support the hypothesis that the hepatic arterial buffer response operates in the fetal liver. The buffer response is prominent during extreme conditions, and our observations underline the high priority of maintaining liver perfusion and homeostasis also during prenatal life.We have established a standardized technique and reference ranges for the fetal hepatic arterial Doppler waveforms, applicable for use in clinical situations.
APPENDIX
Associations of hepatic artery systolic peak velocity (V Haps ) and pulsatility index (PI HA ) with ductus venosus systolic peak velocity (V DVps ), umbilical vein flow (Q UV ), umbilical vein flow/ estimated fetal weight (Q Uvnorm ), and Uv maximal velocity (UV max ).
Hepatic Artery Systolic Peak Velocity (V HAps )
V DVps
Regression model for estimated V HAps by gestational age (GA) in weeks and V DVps. V HAps is transformed to the -0.309 power and may be back-transformed as V HAps 
